Proteins from the earthworm mucus have been revealed for their various biological activities. In this study, a 38-kDa protein, earthworm antiplatelet agent (EAPA) was purified from the earthworm Eudrilus eugeniae (African night crawler) mucus and examined for its antiplatelet and fibrinogenolytic activities. EAPA was found to possess fibrinogenolytic activity on αand β-chains of fibrinogen. It inhibited ADP-, collagen-, and ristocetin-induced platelet aggregation. This protein also had antiplatelet function on clot retraction, which was evaluated by a Sonoclot Analyser. N-terminal amino acid sequences of EAPA shared 65% identity with lysenin, an earthworm haemolytic protein. EAPA may have potential in the development of therapeutic tools in the treatment of thrombotic diseases.
INTRODUCTION
Earthworms are annelids, and approximately 3000 species have been discovered. Lumbricus rubellus H. (Lumbricidae) has been widely used in traditional Chinese medicine. Earthworms have been used to treat chronic bronchitis, bronchial asthma 1 , digestive tract ulcers, peptic ulcers 2 , epidemic parotitis and herpes zoster 3 .
Many earthworms secrete mucus, coelomic fluid, through their dorsal pores for locomotion through the soil. The components of mucus secreted by glandular cells are neutral mucopolysaccharides, proteins and lipids.
These components function as a lubricant during locomotion 4 , ion barriers, contain mating pheromones and are involved in heavy metal absorption 5 . The mucus contains several bioactive molecules that are involved in innate immunity 6 , and exhibit various biological activities including proteolysis, fibrinolysis, antithrombosis 7 , anticoagulation 8 , haemolysis, antibacterial 9 , and anticancer activities 10 .
Some studies suggest that earthworm powder has thrombolytic activity. Protein from the body wall of L. rubellus has been purified, and six fibrinolytic isoenzymes were identified. These isoenzymes are called lumbrokinases and their molecular weights range between 23.5 and 34.2 kDa 11 . Lumbrokinases are characterized as fibrinolytic serine protease found in L. rubellus 11, 12 and Eisenia fetida S. (Lumbricidae) 13 . These lumbrokinases were partially fractionated into three fractions (F-I, F-II, and F-III). F-I showed chymotrypsin-like activity. F-III had trypsin-like activity, and F-II had no trypsin, elastase or chymotrypsin-like activities 12 . These proteolytic lumbrokinases display fibrinolytic activity, reduce platelet aggregation, increase blood viscosity, and thrombus degradation 12, 14 . Lumbrokinases also have potential as oral thrombolytic agents 7 .
Platelets are generated from the cytoplasmic fragmentation of megakaryocytes in the bone marrow 15 including haemostatic and thrombotic mediators 16 . The platelet membrane contains glycoproteins that interact with ligands and activate the platelet 17 . Fibrinogen is a molecule that can www.scienceasia.org activate platelets via binding to the GPIIbIIIa integrin glycoprotein platelet receptor 18 . Fibrinogen molecules contain two outer D domains and a central E domain. These molecules consist of two sets of three different polypeptide chains including α, β and γ chains 19 . GPIIbIIIa recognizes RGD (Arg-Gly-Asp) sequences on the fibrinogen α-chain and promotes cell adhesion and signalling 20 . GPIIbIIIa competitively binds RGD sites on the α-chain and 400-411 sequence on the γ-chain of fibrinogen 21 . In this study, the antiplatelet and fibrinogenolytic activities of a protein named earthworm antiplatelet agent (EAPA) were investigated. This is the first report demonstrating that EAPA inhibits collagen, ristocetin, and ADP-induced platelet aggregation and platelet function during clot retraction. Furthermore, EAPA has fibrinogenolytic activity on fibrinogen α and β-chains.
MATERIALS AND METHODS

Mucus protein extraction
Earthworms were provided by Prof.
Somchai Chantsavang, Department of Animal Science, Faculty of Agriculture, Kasetsart University, Thailand. This study was approved in ethical treatment of earthworms by the institutional committee under the ID ACKU59-SCI-017. The worms were extracted from their bedding, washed thoroughly with running water until dirt, soil and humus were removed. Finally, they were washed with phosphate buffer saline (PBS), pH 7.5 (Corning, VA, USA) at a ratio of 1:1 (gram of body weight/ml PBS). The earthworms were stimulated for mucus collection with an electrical impulse at 10 mA for 2 min using a PowerPacTM Basic power supply (Bio-Rad, MO, USA). The extracted mucus was mixed with a final concentration of 0.4 mM phenylmethylsulphonyl fluoride (PMSF) (Sigma-Aldrich, MO, USA) and centrifuged at 1318g for 15 min. Proteins in the supernatant were precipitated with 85% saturated ammonium sulphate at 4°C overnight with stirring and then centrifuged at 15 344g, at 4°C for 30 min. The protein was dissolved in Milli-Q water and then dialysed against Milli-Q water using a 500 Da molecular weight cut-off dialysis membrane (Spectra/Por, TX, USA) at 4°C, lyophilized, and store at −20°C.
Protein purification
The lyophilized crude mucus protein was dissolved in 20 mM Tris-HCl, pH 7.5 (equilibration buffer). Clear soluble protein (200 µl), at a concentration of 40 mg/ml was applied into a Waters Protein-PakTM DEAE 5PW (75 × 7.5 mm) HPLC column. Fractions were separated using 20 mM Tris-HCl, pH 7.5, with 1 M NaCl gradient over 60 min, with a flow rate at 1.0 ml/min as follows: isocratically with equilibration buffer for 5 min, followed by linear gradients of 0-0.7 M NaCl in equilibration buffer for 30 min, 0.7 M NaCl for 5 min, 0.7-1 M NaCl for 5 min, 1 M NaCl for 5 min, and then gradually reduced to 0 M NaCl for 5 min. Waters 2489 Dual λ absorbance detector (Milford, MI, USA) was used to monitor the amount of protein at 280 nm absorbance. Each fraction was screened for the inhibition of platelet function on clot retraction using a Sonoclot analyser. The molecular weight and protein patterns of each fraction were determined by SDS-PAGE with a NuPAGE 4-12% Bis-Tris gel. Fraction P3 showed potent antiplatelet function on clot retraction and was further purified using the same column as described above.
The pooled fraction 3 (200 µl), at a concentration of 13.2 mg/ml was applied to the same column previously equilibrated with equilibration buffer. Separation was achieved with a linear gradient of 0-0.5 M NaCl in equilibration buffer for 45 min, 0.5-1 M NaCl for 5 min, then isocratically with 1 M NaCl in equilibration buffer for 5 min and gradually reduced to 0 M NaCl for 5 min using a flow rate of 1 ml/min. Waters 2489 Dual λ absorbance detector was used to monitor absorbance at 280 nm. Fractions with antiplatelet function on clot retraction were dialysed in PBS and concentrated using a 3 kDa Amicon Ultra-15 centrifugal filter (Millipore, Carrigtwohill, Ireland). Protein concentrations were estimated from the absorbance at 280 nm using a DU 7400 spectrophotometer (Beckman Coulter, CA, USA). Purified EAPA was investigated for its biological effects on platelet aggregation and fibrinogenolytic activities.
N-terminal sequencing
Purified EAPA (4 µg) was transferred from an SDS-PAGE gel to a PVDF membrane (Milipore Corporation, MA, USA) using a Semi-Dry Transblot Cell (BIO-RAD) at 125 mA for 90 min. The membrane was stained with Coomassie blue R-250 for 5 min and destained with 50% methanol for 5 min. The target band was excised from the membrane and subjected to N-terminal sequencing (17 residues) using a PPSQ-33B protein sequencer (SHIMADZU, Kyoto, Japan) following the manufacturer's instructions. Amino acid sequence similarity searches were performed against a non-redundant protein sequence databank, limiting the query to earth-worms (taxid:6391) using a PSI-BLAST search program from the National Center for Biotechnology Information 22 . Available at www.ncbi.nlm.nih.gov.
Sonoclot analysis
Coagulation and platelet function during clot retraction was measured using citrated human whole blood on a Sonoclot Coagulation and Platelet Function Analyser (SIENCO, Inc., CO, USA) according to the method of Suntravat et al 23 . The Sonoclot Analyser measures the activated clot time (ACT), clot rate (CR), and platelet function (PF) in clot retraction by measuring the viscosity changes of whole blood or plasma sample. The clot rate is defined as the change in clot signal over time. The platelet function is obtained from the timing and quality of the clot retraction. Briefly, a cuvette containing glass beads (gbACT + KIT) was placed into the cuvette holder, which maintained the temperature at 37°C. A pre-warmed 10 µl sample (37°C) of a 0.3 M CaCl 2 was added to one side of the cuvette. A 10 µl sample of each mucus fraction at a concentration of 1 mg/ml or a 10 µl of purified EAPA at various concentrations was added to the other side of the cuvette. Subsequently, 330 µl of citrated blood was added to the cuvette. The data were downloaded from Signature Viewer program v. 4.1, software provided by SIENCO, Inc. and analysed in EXCEL 2010. The control was citrated blood that was activated with glass beads and 0.3 M CaCl 2 . All experiments were done in 3 replicates.
Platelet aggregation assay
The inhibition of collagen-, ristocetin-, and ADPinduced platelet aggregation by either crude mucus protein or purified E. eugeniae EAPA was determined by measuring the impedance of whole human blood in a ChronoLog Whole Blood Aggregometer (ChronoLog, PA, USA) as previously described 24 . Four hundred and fifty microlitres of 10% citrated whole human blood was added in the platelet aggregometer cuvette with a magnetic stirrer and incubated at 37°C at least 5 min prior to use with equal amounts of 0.15 M NaCl. Purified EAPA at various concentrations (10 µl) was incubated with blood samples in a ChronoLog Whole Blood Aggregometer (Chrono-log, PA, USA) and stirred in the test cuvette at 1200 rpm at 37°C for 2 min. Platelet aggregation was initiated by adding ristocetin (1 mg/ml), collagen (2 µg/ml), and ADP (10 µM). All three agonists were purchased from ChronoLog. The percentage inhibition of platelet aggregation was calculated using the following equation: (C−E/C)× 100, where C is platelet aggregation (Ω) for the control, and E is platelet aggregation (Ω) for the experimental fraction. The extent of platelet aggregation inhibition was assessed by comparison to the maximal aggregation induced by the control dose of agonists (collagen, ristocetin, and ADP). The half maximum of inhibition concentration (IC 50 ) values were determined from dose-response curves generated using various concentrations of purified EAPA using GraphPad Prism6 (GraphPad Software Inc., CA, USA). All experiments were done in 3 replicates.
Fibrinogenolytic assay
The activity of purified EAPA was tested on fibrinogen. Briefly, 20 µl of 5 mg/ml fibrinogen (Hyphen Biomed, OH, USA) was mixed with a 10 µl of purified EAPA at various concentrations and incubated at 37°C for 24 h. The final concentration of fibrinogen was 3.3 mg/ml. The reactions were stopped by addition of sample denaturing buffer and analysed by NuPAGE 4-12% Bis-Tris gel (Invitrogen, USA). The venom of Crotalus atrox at 0.5 mg/ml (final concentration), which has been reported to have fibrinogenolytic activity, was used as a positive control 25 . All experiments were done in 3 replicates.
Statistical analysis
The results are shown as the mean ± standard deviation (SD). Significance was determined using the Student's t-test. Significance level was set at p < 0.05 compared to the control. The nonlinear curve fit was generated using GraphPad Prism6 (GraphPad Software Inc., CA, USA).
RESULTS
Purification of EAPA
The crude mucus protein was first fractionated on a DEAE 5PW column. From the 13 fractions, fractions P1-P4 inhibited platelet function (Fig. 1a ). Fraction P3 had potent antiplatelet activity and contained at least three different proteins ( Fig. 1b and Table 1 ), which were further purified on the same column. The proteins were isolated into two fractions (Fig. 1c) . Fraction P3P2 contained a single band at approximately 38 kDa by SDS-PAGE ( Fig. 1d) and was named EAPA. A protein BLAST search and CLUSTAL Omega multiple sequence alignments revealed that the first 17 amino acids of EAPA showed 65% identity with lysenin www.scienceasia.org (Fig. 2) . The yield of EAPA was 0.05% by weight of the crude mucus protein.
Sonoclot analysis
The effect of EAPA on coagulation and platelet function was determined by measuring the ACT, CR, and PF (clot retraction) using the Sonoclot Table 1 The ACT, clot rate and platelet function of positive control, crude mucus protein and fractions from first purification were shown and these data were given by Sonoclot analyser and downloaded with Signature Viewer; software provided by Sienco, Inc. and analysed by EXCEL 2010 † .
Sample
Protein analyser. Sonoclot signatures from representative samples are shown in Fig. 3 . Purified EAPA showed pro-coagulant activity and strong dose-dependent antiplatelet function on clot retraction ( Table 2) .
Inhibition of platelet aggregation
Purified EAPA inhibited collagen-, ristocetin-, and ADP-induced platelet aggregation in a dosedependent manner, with IC 50 of 0.85, 0.93, and 1.03 mg/ml, respectively (Fig. 4 ). The strongest inhibition was observed with EAPA in the presence of collagen.
Fibrinogenolytic assay
As C. atrox snake venom is known to have α and βfibrinogenase activity, therefore, the effect of crude venom on fibrinogen was used as a positive control (P). When incubated with fibrinogen, purified EAPA preferentially cleaved the α chain of fibrinogen and cleaved the β chain at a higher concentration but did not cleave the γ chain ( Fig. 5 ). EAPA showed significant αand β-chain digestion at 0.02-0.32 mg/ml concentrations. EAPA inhibited platelet aggregation in the presence of different three agonists. The IC 50 values for inhibiting platelet aggregation by collagen, ristocetin, and ADP are indicated by IC 50 ± SD as these following 0.85 ± 0.10 µg/ml, 0.93 ± 0.03 µg/ml, and 1.03 ± 0.04 µg/ml, respectively. The R 2 of nonlinear regression of collagen, ristocetin, and ADP are indicated by 0.93, 0.99, and 0.99, respectively. The vertical bars represent the SD, n = 3.
DISCUSSION
Thrombosis is a major factor that contributes to cardiovascular diseases. Thromboembolic vascular disease can be treated with fibrinolytic enzymes such as urokinase, tissue-type plasminogen activator (t-PA), streptokinase, and staphylokinase. These enzymes have been clinically studied as thrombolytic agents and have demonstrated thrombolytic activities 26 . However, these enzymes produce plasmin in the circulatory system in addition to intravascular anticoagulation side effects 27, 28 . Hence antithrombotic agents are needed to improve and reduce adverse effects without impairing efficacy. Fibrinolytic serine protease enzymes have been purified and characterized from several earthworm species including L. rubellus, Indian earthworm Pheretima posthumous J. (Diporochaeta), and E. fetida 29, 30 . These earthworm fibrinolytic enzymes have shown promising antithrombotic and fibrinolytic activities. However, to date, no platelet aggregation inhibitor has been identified in E. eugeniae. Hence the focus of this study was to identify and characterize an E. eugeniae antiplatelet agent.
The N-terminal amino acid sequence comparison of EAPA to lysenin and lysenin-related proteins (LRP-1 and LRP-2 also known as fetidin, and LRP-3) revealed the presence of conserved amino acid residues. However, it should be noted that this homology is based on the comparison of amino acids at the N-terminus and does not take into account the remaining EAPA sequence. Fetidin/lysenin family proteins are found in the coelomic fluid of E. fetida. Lysenin has high sequence similarity to fetidin (89% identity), LRP-1 (76% identity), and LRP-3 (81% identity) 30 . Although these proteins have sequence similarities, they could have different biological functions. The molecular weights of these proteins are within the range of 35-41 kDa, which is consistent with the molecular weight of EAPA according to our SDS-PAGE protein band (38 kDa) . Lysenin belongs to a pore-forming toxin that binds specifically to sphingomyelin leading to pore formation and consequent cell lysi 31 . Fetidin also exhibits haemolysis, agglutination, antibacterial, and coagulation properties 32 . The three-dimensional structure of monomeric lysenin shows that this protein is composed of two domains. The first domain is an elongated pore-forming module at the N-terminus with a sphingomyelin (SM) binding site (Lys21, Tyr24, Tyr26, Gln117, and Glu128). The second domain is the C-terminal beta-trefoil domain, which binds to phosphocholine. The SM is likely involved in platelet activation by lysenin 33 . Furthermore, lysenin irreversibly induces platelet aggregation 32 .
Here, we show that EAPA has antiplatelet activity with a shortened ACT compared to the control (Table 1 and Fig. 3 ). However, it should be noted that the ACT value for EAPA at concentrations of 0.01-0.4 mg/ml ( Table 2) is considered within a normal range (1.6-2.6 min). The ACT values are quantified from the onset time of the clot formation, CR is calculated from the maximum slope of the Sonoclot signature curve during initial fibrin polymerization and PF values are measured from the starting time (0 min) to the time when a peak reach to the highest point that referred to timing and quality of clot retraction. The clot signal curves of 0.4 and 0.05 mg/ml EAPA showed early onset of low clot formation levels with higher CR when compared to 0.01 mg/ml EAPA and control and for the first 2-3 min, the clot formations were inhibited. Thus the clot signal could not reach a peak, which indicates that there is no clot retraction at 0.4 and 0.05 mg/ml EAPA. Platelets play a key role in haemostasis and thrombosis. The ability of αIIbβ3 integrins on the surface of platelets to bind to fibrinogen plays an important role in platelet adhesion, aggregation, and haemostasis. GPIIbIIIa on platelet membrane is a calcium-dependent heterodimeric glycoprotein receptor 34 . This receptor recognizes the Arg-Gly-Asp (RGD) sequence on the α-chain of fibrinogen and mediates fibrinogen binding 35 . The two RGD sequences are found in the α-chain of fibrinogen while the C-terminus of the fibrinogen γ-chain in fibrinogen is essential for platelet adhesion 36 . Collagen mainly involves aggregation mediated by the interaction between the platelet membrane glycoprotein VI (GPVI) and integrin α2β1, while ristocetin induces the binding of VWF to platelet glycoprotein Ibα (GPIbα). Hence the platelet aggregation inhibitory activity was examined using ADP (P2Y1 and P2Y12 ADP receptors agonist), ristocetin (von Willebrand factor, VWF agonist), and collagen (integrin α2β1 and GPVI agonist) 37 . We found that EAPA had the most potent inhibitory effect on collagen-induced platelet aggregation. It is possible that EAPA acts on collagen receptors (integrin α2β1, and/or GPVI), or on integrin αIIbβ3, GPIbα, either alone or in a complex with VWF. However, other EAPA-integrin interactions should be investigated. Fibrinogen is a plasma protein that interacts with integrin αIIbβ3 to mediate a variety of platelet responses including adhesion, aggregation, and clot retraction 38 . Proteolysis of fibrinogen segments can result in its inability to interact with platelet integrin αIIbβ3 leading to a reduction in the platelet response. To confirm the EAPA antiplatelet activity we employed an in vitro fibrinogen cleavage assay. We observed that EAPA cleaves fibrinogen αand β-chains (Fig. 5 ). Thus the in vitro inhibition of platelet aggregation by EAPA can be explained, at least partly, by the digestion of plasma fibrinogen, which is required for bridging platelets via αIIbβ3 receptors.
To develop EAPA as a therapeutic tool, this protein should be tested in animal implication, protein stability and protein production.
